, P. griseoroseum, P. brunneorubrum and P. citreoroseum were not included. These species were considered in the monograph of Pitt (1980) , but the latter two species were synonymized with P. griseoroseum, Fleming's strain was identified as P. griseoroseum and the Wisconsin strain as P. chrysogenum. Following Pitt's monograph, various new approaches were applied to the taxonomy of P. chrysogenum. Physiological, extrolite and isozyme data suggested that P. griseoroseum and related synonyms were conspecific with P. chrysogenum (Frisvad & Filtenborg 1989 , Banke et al. 1997 , in which case the less commonly used name P. griseoroseum would have displaced the better known P. chrysogenum. To avoid a name change for penicillin producing strains, Kozakiewicz et al. (1992) proposed formal conservation of the name P. chrysogenum and rejection of the older P. griseoroseum, along with its synonyms P. citreoroseum and P. brunneorubrum. The proposal was accepted and the name P. chrysogenum is currently listed as a nomen conservandum (McNeill et al. 2006 ). More recently, the taxonomy of P. chrysogenum was subjected to multigene sequence and microsatellite analysis , Houbraken et al. 2011a ). Both Scott et al. (2004) and show the presence of four clades within the species; however, the subdivisions are discordant. The studies agree on the existence of two main clades and based on a polyphasic approach, Houbraken et al. (2011a) named these clades P. chrysogenum and P. rubens. Interestingly, Fleming's strain and the Wisconsin strain both reside in a clade with P. rubens (Houbraken et al. 2011a ).
The first aim of the present study was to elucidate the phylogenetic relationships among species belonging to sect. Chrysogena using partial RPB1, RPB2 (RNA polymerase II genes), β-tubulin and calmodulin gene sequences. A further objective was to describe the six new species identified as belonging to this section, using a combination of sequence data, pheno typic characteristics and extrolite data, including penicillin production. In addition, an overview of species belonging to sect. Chrysogena and their synonyms is presented. The taxonomy of P. chrysogenum s.str. has often been controversial and the ultimate goal of this manuscript is to obtain a robust, reproducible and stable species concepts for this economically important species. A network analysis based on eight genes (RPB1, RPB2, calmodulin, β-tubulin, ITS, acetyl-CoA ligase (FacA), phosphoadenosine-5-phosphosulfate reductase (ParA), anthranilate synthase multifunctional protein (TrpC)) is performed in order to get insight in the haplotype diversity among P. chryso genum, P. rubens and closely related species.
MATERIAL And METHodS

Strains
Ex-type and representative strains were obtained from the culture collections of the CBS-KNAW Fungal Biodiversity Centre (CBS), Technical University of Denmark (IBT), USDA-ARS, National Center for Agricultural Utilization Research (NRRL) and the working collection of the department of Applied and Industrial Mycology housed at CBS (DTO). An overview of the strains is given Table 1 . More information can be found in the on-line database of CBS at www.cbs.knaw.nl/databases.
DNA extraction, PCR amplification, sequencing and data analysis
Total genomic DNA was extracted using the Ultraclean TM Microbial DNA isolation kit (MoBio, Solana Beach, USA) according to the manufacturer's instructions. To estimate phylogenetic relationships among species of sect. Chrysogena, parts of the RPB1 (RNA polymerase II largest subunit; regions E and F, according Matheny et al. 2002) , RPB2 (polymerase II second largest subunit; regions 5-7), calmodulin (cmd) and β-tubulin genes (benA) were amplified and sequenced according the methods described previously (Houbraken & Samson 2011 , Houbraken et al. 2012 . To test the applicability of ITS sequencing for species identification, sequences were generated of the strains listed in Table 1 using primers V9G and LS266 (de Hoog & Gerrits van den Ende 1998).
Each individual dataset was aligned using the Muscle software as implemented in MEGA5 (Tamura et al. 2011 ). Prior to combining datasets, each individual dataset was analysed using Neighbour Joining (NJ) analysis in MEGA5. The number of bootstrap replicates was set to 1 000 and P. griseofulvum CBS 185.27 NT was used as outgroup. The combined RPB1, RPB2, benA and cmd dataset was used to study the phylogeny of sect. Chrysogena. Statistical support was measured by Bayesian tree inference (BI) analysis using MrBayes v. 3.1.2 (Ronquist & Huelsenbeck 2003) . To identify the most suitable substitution model for the Bayesian analyses, we used MrModeltest v. 2.3 (Nylander 2004) , utilizing the Akaike information criterion (AIC). The Bayesian analysis was performed with two sets of four chains (one cold and three heated) and the STOPRULE option, stopping the analyses at an average standard deviation of split frequencies of 0.01. The sample frequency was set to 100; the first 25 % of trees were removed as burnin. Statistical support was also measured by Maximum Likelihood (ML) analysis using the RAxML (randomized axelerated maximum likelihood) software (Stamatakis 2008) . The phylogram obtained with RAxML was used for presenting the data.
Morphological analysis and extrolite analysis
For macromorphological analysis, strains were inoculated at three points onto Czapek yeast agar (CYA), CYA supplemented with 5 % NaCl (CYAS), yeast extract sucrose agar (YES), malt extract agar (MEA), creatine agar (CREA), dichloran 18 % glycerol agar (DG18) and oatmeal agar (OA). Plates were incubated in the dark for 7 d at 25 °C. In addition, CYA plates were inoculated and incubated for 7 d at 15, 30 and 37 °C in darkness. After incubation, colony diameters were measured and the degree of sporulation, obverse and reverse colony colours and the production of soluble pigments were determined. Colony photographs were taken with a Canon 400D camera under incandescent light. Furthermore, isolates were examined for the production of alkaloids reacting with Ehrlich reagent, using the filter paper method described by Lund (1995) . Microscopic observations were made using Olympus BH-2 or Zeiss Axioskop 2 Plus microscopes. Mounts were made in 85 % lactic acid and excess conidia were washed away with a drop of ethanol. Manual measurements were made for at least 20 conidia, ascospores, phialides, metulae, branches and ascomata. Detailed analysis of the ornamentation of the ascospores was performed using scanning electron microscopy (SEM) using the method described by Houbraken et al. (2011b) .
For extrolite analyses, cultures were grown on CYA and YES for 7 d at 25 °C. After incubation, five plugs were taken from each agar medium, pooled and extracted according the method described by Smedsgaard (1997) . The extracts were subsequently analysed according the HPLC-diode array detection method (Frisvad & Thrane 1987) as modified by Houbraken et al. (2012) . Penicillin production was tested according the method described by Andersen & Frisvad (1994) .
ITS barcoding
To assess the sequence diversity of the ITS locus of strains belonging to sect. Chrysogena, an UPGMA (unweighted pair group method with arithmetic mean) dendrogram based on Kimura 2-parameter distances (K2P, recommended by CBOL, www.barcoding.si.edu) was constructed in MEGA5.
Species CBS no. Representative of P. meleagrinum (Thom, 1930; Raper & Thom, 1949: 366) Representative of P. cyaneofulvum (Raper & Thom 1949: 372) (Raper & Thom 1949: 146) 653.82 DTO 088-G7 = CBS 227.81 = NRRL 2094 Unknown source. Intermediate between P. brefeldianum and members of the Carpenteles series such as P. egyptiacum (Raper & Thom 1949: 146) 1 CBS: culture collection of the CBS-Fungal Biodiversity Centre, Utrecht, The Netherlands. 
Haplotype diversity
In order to study the haplotype diversity among P. chrysogenum, P. rubens and closely related species, the RPB1, RPB2, calmodulin and β-tubulin sequence datasets were expanded with ITS, FacA (acetyl-CoA ligase; (facA-F_Pc (TGGAAGTGGTACTTC-GAG), facA-R_Pc (ACACGACCGCGGATCCAGTA))), ParA (3-phosphoadenosine-5-phosphosulfate reductase; (parA-F_Pc (CCCGAGATTGTTTTCACCAA), parA-R_Pc (ACCTTG-GCCACCCAGTCGTA))) and TrpC (anthranilate synthase multifunctional protein; (trpC-F_Pc (GCAGTGGAGGGT-GTTCAGTT), trpC-R_Pc (TTAACCTCGACCAGAGGCTC-CAT))) gene sequences. These datasets were supplemented with sequences obtained from the two full genome initiatives (van den Berg et al. 2008 , http://genome.jgi.doe.gov/). The software programme DnaSP v. 5.10 (Librado & Rozas 2009) was used to find the different haplotypes in the alignment. Gaps and missing data were not considered during this calculation. Network v. 4.6.1.0 (www.fluxus-engineering.com) was used to generate a haplotype network using the median-joining network algorithm. Sequences were deposited in the GenBank nucleotide database under accession numbers JX996198-JX997117.
RESuLTS
Phylogeny
The phylogenetic relationship among members of sect. Chry sogena was studied by combining the RPB1, RPB2, cmd and P. dipodomyis 1) diaporthins (citreoisocoumarin, diaportinic acid, diaportinol, dichlorodiaporthin & 6-methyl-citreoisocoumarin); 2) dipodazin; 3) penicillins; 4) 'CD' 1-5 & 'CRYPT'; 5) 'CDU'; 6) 'DI' (an indol-alkaloid); 7) 'DIOR'; 8) 'DIPA'; 9) 'FCD'; 10) 'GNALDI'; 11) 'met Ø'; 12) 'TOLO'; 13) 'VIK' P. egyptiacum 1) 10,23-dihydro-24,25-dehydroaflavinine (Wang et al. 1995 , also seen in this study); 2) macrophorin H (Wang et al. 1995) ; 3) mollenines A (= incl. E. molle) and B (Wang et al. 1998 Eighteen lineages were observed among isolates assigned to sect. Chrysogena (Fig. 1) (Fig. 2) . The clustering within this clade was generally poorly supported and varied among the examined datasets; however, analysis of the combined dataset generated highly supported clades (Fig. 1) .
Analysis of the combined dataset shows that P. alliisativi is basal to the other species of this clade, and that P. chrysogenum and P. rubens are sister species with P. vanluykii basal to them. The position of isolates CBS 412.69 (ex-type of P. harmonense), DTO 102-B2 and DTO 102-B7 were in conflict between the cmd dataset and the phylogram based on combined nucleotide data. This set of isolates resides in the P. rubens clade in the cmd dataset with statistical support (bootstrap value 84 %), while they were positioned in the P. chrysogenum clade in the combined phylogram.
All P. dipodomyis, P. flavigenum and P. nalgiovense isolates formed distinct well-supported clades in all datasets, and all P. desertorum strains clustered in a well-supported clade except in the β-tubulin gene tree. Penicillium dipodomyis and P. nalgiovense are sister species in all individual datasets and some variation was observed within the P. dipodomyis clade; however, this pattern was incongruent among datasets. Fig. 1 (combined analysis) shows that P. confertum is basal to P. mono nematosum, but it renders the P. mononematosum clade paraphyletic in the β-tubulin dataset. T resolve in a single clade and priority is given to the former (oldest) name.
Four species are known to form ascospores and three of these, P. egyptiacum, P. kewense and P. sinaicum, group in a clade with full support (100 % bootstrap support, 1.00 pp). Three lineages were observed within the P. egyptiacum clade. One lineage was centred on the neotype of P. egyptiacum (CBS 244.32 NT ), another on CBS 457.72 and CBS 458.72 and the third consisted of CBS 456.72 T , the ex-type strain of both Penicillium molle and Eupenicillium molle. These lineages were present in all analysed individual datasets. The combined analysis placed P. goetzii basal to the asexual Penicillium species; however, this is not the case for individual datasets. In the RPB1 dataset, this species was grouped together with other ascospore producing species (89 % bootstrap support).
Morphology, physiology and extrolites
Penicillium chrysogenum, P. rubens, P. tardochrysogenum, P. vanluykii and P. alliisativi are phenotypically similar and share characters such as a fast growth rate on YES with dense sporulation (except P. tardochrysogenum), a CYAS : CYA ratio greater than 1, ter-or quarterverticillate divergently branched conidiophores, and relatively short phialides (< 9 µm). Penicillin is produced by all species and roquefortine C, D and meleagrin by all except P. tardochrysogenum. There are also differences among the species of this section. Penicillium vanluykii produces dark green conidia on MEA and CYA, yellow soluble pigments on CYA incubated at 30 °C and a series of characteristic unidentified extrolites. In common with P. vanluykii, P. alliisativi also produces conidia in shades of dark green on CYA; however, there is no yellow soluble pigment production on CYA incubated at 30 °C or in insignificant amounts. This species also produces a diagnostic array of extrolites (Table 2) including the potent mycotoxin verrucosidin. Penicillium tar dochrysogenum is represented by one strain (CBS 132200 T ). It is unique in this clade for its more restricted and floccose colonies on MEA, a lack of sporulation on YES and the production of finely roughened conidia. This species does not produce yellow soluble pigments on CYA when incubated at 30 °C and produces the asperentins, a series of compounds not produced by other members of series Chrysogena.
Phylogenetic analyses show that P. halotolerans and P. deser torum are sister species (Fig. 1) and phenotypic characters support their classification in sect. Chrysogena (CYAS : CYA ratio > 1; velvety colonies and production of short, ampulliform phialides). Penicillium halotolerans can be differentiated from P. desertorum by the production of yellow soluble pigments on CYA incubated at 30 °C. Furthermore, the conidiophores of P. desertorum have various short, divaricate branches at various levels along the stipe, while P. halotolerans has ter-or quarterverticillate branched conidiophores like other species of sect. Chrysogena. Strains of P. desertorum consistently produce species-specific profiles of extrolites ( Table 2) . Some of these extrolites are partially characterised and details on retention time, retention index and UV maxima (nm) are given in Table  3 . Penicillium halotolerans is only known from its ex-type strain (CBS 131537 T ) and this isolate produces a unique combination of extrolites, namely andrastin A, roquefortine C & D, meleagrin and Raistrick phenols.
Four of the 18 species (P. egyptiacum, P. goetzii, P. kewense and P. sinaicum) are capable of forming a sexual state. These species are characterised by the production of creamish, avellaneous or ochraceous ascomata, ter-to quarterverticillate branched conidiophores and globose to subglobose conidia. Isolates grown on CYA for 7 d at 25 °C typically produce brown or red-brown soluble pigments. However, they differ from each other by various characters. Penicillium egyptiacum is a good acid producer on CREA, while the other species do not or produce limited amounts of acidic compounds. These species also differ in ascospore size and ornamentation (Fig. 3) . The ascospores of P. egyptiacum measure 2 -3 × 2.5 -3.5 µm, but vary in their ornamentation. CBS 244.32
NT and CBS 137.70 have inconspicuous ridges and smooth-walled valves, while ascospores of CBS 457.72 have closely separated equatorial ridges, with prominent secondary ridges and roughened valves. In contrast, the ascospores of P. goetzii are larger, 3-4.5 × 2.5-4 µm, with two distinct equatorial ridges and often two secondary ridges that are connected by transverse ribs and valves ornamented with a reticulate pattern. The ascospores of P. kewense take an intermediate position between those of P. egyptiacum and P. goetzii, and P. sinaicum is unique in having ascospores without a distinct equatorial ridge and reticulate valves (Fig. 3) . Penicillium egyptiacum, P. goetzii, P. kewense and P. sinaicum also produce species-specific patterns of extrolites. Penicillic acid, Raistrick phenols and secalonic acids D & F are produced by P. egyptiacum but not by the other ascospore producing species. On the other hand, andrastin A, fumitremorgin A and verruculogen are produced by P. goetzii and P. kewense, and the uncharacterised compound 'GLAD' is only produced by P. goetzii.
ITS barcoding
ITS sequences were generated to assess the suitability of this locus for species identification in sect. Chrysogena and 44 % of the species can unequivocally be identified with this locus. Penicillium confertum, P. goetzii, P. halotolerans, P. lano scoeruleum, P. mononematosum, P. nalgiovense and P. per cisinum can be reliably identified by ITS sequencing. Five ITS sequence variants are present in our revised concept of P. chrysogenum. A total of 61 % of the P. chrysogenum strains have identical ITS sequences and this sequence is also present in P. tardochrysogenum (100 %) and P. alliisativi (100 %). A different P. chrysogenum sequence was observed in 15 % of the examined strains (e.g. CBS 776.95, CBS 131522, CBS 132211). This sequence is shared with P. rubens, all strains of which have identical ITS sequences. The three other unique P. chrysogenum sequences were represented by CBS 131538 (2 %), CBS 131516 (10 %) and CBS 111215 (12 %). The three investigated P. vanluykii isolates have a ITS sequence that is shared with NRRL 3710, a strain identified as P. chrysogenum by . ITS sequences could not distinguish P. dipodomyis and P. flavigenum, while P. kewense and P. si naicum share sequences with P. egyptiacum CBS 456.72, CBS 457.72 and CBS 458.72.
Haplotype diversity
A detailed analysis was performed on 88 P. alliisativi, P. chry sogenum, P. rubens, P. tardochrysogenum and P. vanluykii isolates, including ex-type and authentic strains, supplemented with isolates used in other taxonomic studies , Houbraken et al. 2011a ) and other representative strains from culture collections. Haplotypic groups were defined based on the combined sequence alignment of eight loci (cmd, RPB1, RPB2, benA, TrpC, parA, FacA, ITS). Forty-three haplotype groups were detected, most containing only one strain. The haplotype network is shown in Fig. 4 and the haplotype assignment of each strain is included in Table 1 . This data demonstrates that haplotype diversity among P. chry sogenum strains is higher than among P. rubens strains. The full genome sequenced P. rubens strain Wisconsin 54-1255 belongs to haplotype 1. This haplotype includes most of the other P. rubens strains, including the ex-type strain CBS 129667 T (9/20 P. rubens isolates). Serendipitously, a strain of P. chrysogenum for which no culture is available, had its full genome sequenced unexpectedly as a contaminant of a Postia placenta MAD 698R culture (http://genome.jgi.doe.gov/ Pench1/Pench1.info.html). Our haplotype analysis shows that this strain belongs to haplotype group 13, together with strains CBS 132214, CBS 132212 and CBS 116046; perhaps one of these strains could be selected as 'epitype' kind of voucher to represent this genome strain. However, CBS 116046 is a good penicillin producer, but no penicillin production was observed in CBS 132214 and CBS 132212. In contrast, both CBS 132214 and CBS 132212 produce roquefortine C, but CBS 116046 does not. CBS 132214 was the only strain producing the uncharacterised compound 'met Ø'. These results suggest that even with 8 loci, the resulting haplotype assignments may not be precise enough to correlate with a precise genome. Etymology. Referring to Allium sativum (garlic), the substrate where the type strain was isolated from.
TAxonoMy
Penicillium allii-sativi
Sporulation on CYA dense; colonies slightly polygonal in outline, velvety; mycelium white, sporulation in shades of dark green, exudate droplets large, clear, pale yellow or light brown; soluble pigments absent or occasionally present, light brown; colony reverse pale brown. Soluble pigments on YES absent; mycelium white; sporulation dense; sporulation dark green; exudate absent, reverse beige. Sporulation on DG18 dense; sporulation grey-green or dull green; reverse pale. Colonies on MEA velvety or slightly floccose; sporulation variable, grey-green, dark green or dull green; exudate droplets large, clear, pale yellow or light brown, reverse yellow-brown. No violet reaction with Ehrlich reagents. Sclerotia absent. Conidiophores borne from the agar surface, ter-or quarterverticillate, divaricate. Stipes 200-400 × 3-4 µm, smooth walled. Branches 15-25(-35) × 3-4 µm. Metulae unequal in length, in verticils of 3-8, 10-12(-16) × 2.5-3.5 µm. Phialides ampulliform, in verticils of 4-10, closely packed, 7.5-8.5 × 2-5.5 µm. Conidia globose to subglobose, smooth, 2.5-3.5 µm.
Diagnosis -Penicillium alliisativi is phenotypically similar to P. chrysogenum and P. vanluykii. Isolates of this species produce conidia in shades of dark green on CYA and yellow soluble pigment usually absent on CYA incubated at 30 °C.
Colony morphology -Colony diam, 7 d, in mm: CYA 26 -38; CYA 15 °C 18 -25; CYA 30 °C 22 -32; CYA 37 °C: no growth-4; MEA 31-42; YES 45-58; DG18 26-40; CYAS 37-45(-60); creatine agar 18-30, weak or moderate growth, weak acid production.
Extrolites -Penicillins, Atlantinone A, chrysogenamide, 2-(4-hydroxyphenyl)-2-oxo acetaldehydeoxim, a naptho-γ-pyrone, 2-pyruvoylaminobenzamide, roquefortine C, D, meleagrin, verrucosidin, normethylverrucosidin, deoxyverrucosidin, verrucosidinol and the uncharacterised compounds 'ALKONA', 'AURCH', 'CRYPT', 'DERH', 'GULLA', 'KUTZ' (atromentins?), 'OTOF', 'SENGAX', 'SNORL', 'SPOFI', 'VERNX'.
Distribution & Ecology -This species has a broad distribution (Argentina, Bulgaria, France, Portugal, South Africa, UK) and has been isolated from garlic, soil, salterns, sorghum malt and mixed pig feed (Henk et al. 2011, this study) . This species is not a pathogen on garlic like P. allii (Valdez et al. 2009 ).
Barcode & Molecular based ID -ITS sequencing is imprecise for species identification because all investigated strains of P. alliisativi and P. chrysogenum CBS 306.48
T share the same ITS sequence (GenBank JX997021). Fig. 4 Haplotype network of P. chrysogenum (yellow), P. rubens (blue), P. vanluykii (purple), P. alliisativi (green) and P. tardochrysogenum (black) strains based on cmd, benA, RPB1, RPB2, TrpC, ParA, FacA and ITS sequences. In total, 43 different haplotypes were detected and a detailed list is given in Table 1 . Red coloured circles represent median vectors. The lines between the groups connecting the haplotypes show the number of nucleotides differing. Etymology. Referring to desert; because this species is common in desert soil.
Sporulation on CYA dense; colonies entire or slightly polygonal in outline, velvety, radially sulcate; mycelium white, conidia dull green or greyish dull green, exudate absent or sparsely pro- (-25) × 2.5 -3.5 µm. Metulae equal in length, occasionally inflated, densely packed, 3 -8, 8 -10(-15) × 2.5 -3.5 µm. Phia lides ampulliform, in verticils of 4 -10, closely packed, 6-7.5 × 2-3 µm. Conidia globose, smooth, 2.5 -3(-3.5) µm. Diagnosis -Isolates of P. desertorum do not produce yellow pigments on CYA incubated at 25 °C and 30 °C and colonies on YES have a beige-brown or brown, cerebriform, sulcate reverse. This species is unique in sect. Chrysogena by the production of conidiophores that have several short, divaricate branches at various levels along the stipe.
Colony morphology -Colony diam, 7 d, in mm: CYA (20-) 24-37; CYA 15 °C 17-25; CYA 30 °C (15-)20-32; CYA 37 °C: no growth -4; MEA 20 -37; YES 37-55; DG18 20 -30; CYAS 24-38; creatine agar 10 -23, weak growth, weak to moderate acid production.
Extrolites -2-(4-hydroxyphenyl)-2-oxo acetaldehyde oxim, Raistrick phenols, austalides?, 'FOL'.
Distribution & Ecology -This species has a world-wide distribution and has been found in Argentina, Iran, USA (Wyoming, New Mexico), Canada (British Columbia), Puerto Rica and Costa Rica. Arid or desert soil seems to be the primary substrate of this species. Only a selected number of strains are included in Table 1 .
Barcode & Molecular based ID -Two ITS sequence types are detected in P. desertorum. DTO 016-B5, DTO 148-I5 and DTO 148-I6 share the same ITS sequence and this type is species specific (GenBank JX997010). DTO 015-H9 shares its ITS sequence with the type of P. chrysogenum CBS 306.48 T (GenBank JX997038) and therefore ITS sequencing is imprecise for identification of P. desertorum. Partial β-tubulin, calmodulin, RPB1 or RPB2 sequences are recommended for species identification. Typus. CAnAdA, Calgary, ex soil, J. Bissett (CBS H-21061 holotype, cultures ex-type CBS 285.73 = DTO 088-G6).
Etymology. Named after John Richard Goetz III, a student of Jack Rogers who isolated this species (isolates DTO 055-H1, DTO 055-H2 and DTO 055-H3) and performed experiments with it.
Sporulation on CYA variable, absent to dense; velvety or slightly floccose, colonies with a feathery edge, radially sulcate; mycelium white and occasionally pinkish, conidia grey-green, exudate sparsely produced, clear, light brown or reddish brown; soluble pigments brown or reddish brown; colony reverse beige, sometimes with a reddish brown centre. Soluble pigments not produced on YES; mycelium white; sporulation often absent, occasionally present and dense, grey green en masse; exudate absent, reverse yellow, sometimes with a yellow-orange centre. Sporulation on DG18 absent or poor; sporulation grey en masse; mycelium white, reverse pale or bright yellow. Colonies on MEA floccose; sporulation variable, absent to dense, conidia grey-green en masse; mycelium white, exudate droplets absent or produced as clear or light brown droplets, reverse unaffected or becoming yellow. No violet reaction with Ehrlich reagent. Ascomata white when young, becoming creamish brown in time, maturing within 3 -6 wk, 150 -350 µm. Asci 6.5 -11 × 5.5 -8 µm. Ascospores ellipsoidal, with two distinct equatorial ridges and often two secondary ridges which are connected by transverse ribs, valves ornamented with a reticulate pattern, 3 -5 × 3 -4.5 µm. Conidiophores borne from surface and aerial mycelium, ter-to quarterverticillate, 200 -400 × 2.5 -3.5 µm, smooth walled. Branches 12 -20 × 2.5 -3.5 µm. Metulae equal in length, slightly inflated, 2 -6, 8 -12(-15) × 2.5 -3.5 µm. Phialides ampulliform, in verticils of 4 -10, closely packed, 7-9(-10) × 2-3 µm. Conidia broadly ellipsoidal, smooth, 2-2.5 × 2 -3 µm.
Diagnosis -Penicillium goetzii is characterised by fast growth rate on CYA, production of brown soluble pigments on CYA and ascospores measuring 3 -4.5 × 2.5 -4 µm. It forms larger colonies on DG18 after 7 d of incubation at 25 °C (22-30 mm) than P. kewense (12-19 mm) and differs from P. egyptiacum by ascospore size and ornamentation.
Colony morphology -Colony diam, 7 d, in mm: CYA (30-) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] CYA 37 °C: no growth; ; creatine agar 15-30, weak growth, acid production absent or weak.
Extrolites -Andrastin A, citreoisocoumarin, fumitremorgin A, verruculogen, isoepoxydon, 10,23-dihydro-24,25-dehydroaflavinine & 10,23,24,25-tetrahydro-24 -hydroxyaflavinine and the uncharacterised compound 'GLAD'.
Distribution & Ecology -The primary substrate seems to be soil, but this species was also isolated as an endophyte in coniferous roots (Goetz 2006) and culture contaminant of a Spiromastix warcupii culture. The species has a broad distribution and has been isolated from Canada (Alberta, British Colombia), Pakistan and the USA.
Barcode & Molecular based ID -This species can be identified reliably by ITS sequencing. Two ITS sequence types were detected. CBS 581.67, 812.70, 285.73 T and DTO 055-H1, DTO 055-H2 and DTO 055-H3 share the same ITS sequence (e.g. GenBank JX997042) and CBS 635.70 has a unique ITS sequence type (GenBank JX997112). Frisvad, Houbraken & Samson, sp. nov. -MycoBank MB801875; Fig. 8 Typus. egypt, ex salt marsh, A.H. Moubasher (CBS H-21060 holotype, cultures ex-type CBS 131537 = IBT 4315 = DTO 148-H9 = MOUS S42).
Penicillium halotolerans
Etymology. Named after its ability to grow well in the presence of 5 % NaCl.
Sporulation on CYA dense; colonies entire, velvety; mycelium white, sporulation dull green with a blue tinge; exudate droplets clear, small; soluble pigments absent; colony reverse light brown. Soluble pigments on YES absent; mycelium white; sporulation moderate to dense; sporulation dull green to bluegreen; exudate absent, reverse cream. Sporulation on DG18 moderate dense; sporulation blue-green; reverse pale. Colonies on MEA velvety, slightly floccose in centre; sporulation green to grey-green, reverse yellow-brown. No violet reaction with Ehrlich reagent. Sclerotia absent. Conidiophores borne from surface; stipes (100 -)200 -300(-500) × 2 -3.5 µm, smooth walled, ter-to quarterverticillate, bearing terminal verticils of 2-4 metulae. Branches divaricate, 10-20(-40) × 2-3.5 µm. Metulae unequal in length, (8-)10-15 × 2-3 µm. Phialides ampulliform to cylindrical, in verticils of 2-6, 7.5-9 × 2-2.5 µm. Conidia globose, smooth, 2-3 µm.
Diagnosis -Penicillium halotolerans can be distinguished from P. desertorum by the production of yellow soluble pigments on CYA when incubated at 30 °C, slightly smaller conidia and the production of the extrolites andrastin A, roquefortine C & D, meleagrin and Raistrick phenols.
Colony morphology -Colony diam, 7 d, in mm: CYA [27] [28] [29] [30] [31] [32] [33] [34] [35] ; creatine agar 16 -22, weak growth, no acid production.
Extrolites -Andrastin A, roquefortine C & D, meleagrin, Raistrick phenols and the uncharacterised compounds such as 'CUCU' and 'PLIL'.
Distribution & Ecology -This species is known only from its type, isolated from a salt march in Egypt. An ITS sequence deposited in GenBank (HQ607840) and obtained from a strain (ATT111) isolated from a nest of the ant Atta texana in Texas, USA, was identical to that generated from CBS 131537 T .
Barcode & Molecular based ID -This species can be reliably identified using ITS barcoding (GenBank JX997005). Frisvad, Houbraken & Samson, sp. nov. -MycoBank MB801877; Fig. 9 Typus. AntArCtiCA, McMurdo Dry Valley, S. Onofri (CBS H-21057 holotype, cultures ex-type CBS 132200 = IBT 30075 = DTO 149-B9. Etymology. Named after its resemblance to P. chrysogenum and its relative slow growth rate.
Penicillium tardochrysogenum
Sporulation on CYA dense; colonies entire, velvety to slightly floccose, distinctly radially sulcate; mycelium white, sporulation grey green; exudate droplets clear or pale brown, large; soluble pigments absent; colony reverse brown. Soluble pigments on YES absent; mycelium white; sporulation absent; exudate absent, reverse yellow-brown. Sporulation on DG18 dense; conidia grey green en masse; reverse pale. Colonies on MEA floccose with a wide, non-sporulating edge (4 -8 mm); exudate droplets large in centre, smaller towards the rim of colony, hyaline; sporulation bluish grey green, reverse of 2-4, 10-13(-18) × 2.5-3.5 µm. Phialides ampulliform, in verticils of 3-8, closely packed, short, 7-9 × 2-3 µm. Conidia globose, finely roughened, 2.7-3.5 µm. Diagnosis -Penicillium tardochrysogenum differs from other members of series Chrysogena by more restricted and floccose colonies on MEA, lack of sporulation on YES and Sporulation on CYA dense; colonies entire, velvety, sulcate radially; mycelium white, sporulation dark green to green; exudate droplets hyaline, light brown or absent, small; soluble pigments absent, in 149A4 yellow soluble pigments produced; colony reverse pale brown or yellow-brown. Soluble pigments on YES absent; mycelium white; sporulation dense; conidia dark green or green en masse; exudate absent, reverse greenish brown in centre with pale brown edge. Sporulation on DG18 moderate dense; conidia green or dull green en masse; reverse unaffected or pale brown. Colonies on MEA velvety; exudate droplets absent; sporulation green to dark green, reverse unaffected, sometimes with dark brown centre. No violet reaction with Ehrlich reagent. Sclerotia absent. Conidiophores borne from surface; quarterverticillate. Stipes 100 -300 × 2.5 -3.5 µm, smooth walled. Branches divaricate, 15-25 × 2.5-3.5 µm. Metulae equal in length, 3 -8, 8 -12 × 3 -3.5(-4) µm. Phialides ampulliform, in verticils of 4-10, closely packed, short, 6.5-8.5 × 2-3 µm. Conidia globose to subglobose, smooth, with distinct connectives, 2.5 -3.5 µm.
Diagnosis -Penicillium vanluykii is phenotypically similar to P. alliisativi and P. chrysogenum. This species is characterised by the production of dark green conidia on MEA and CYA, yellow soluble pigment production on CYA incubated at 30 °C and a series of incompletely characterised extrolites.
Colony morphology -Colony diam, 7 d, in mm: CYA 30-45; CYA [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ; creatine agar 15 -20, weak to moderate growth, weak acid production.
Extrolites -Penicillins, chrysogine, roquefortine C and meleagrin, and andrastin A and the uncharacterised extrolites 'CRYPT' (4 compounds), 'POO', 'KNOLF', 'TBRE', 'FJOR' (2 compounds).
Distribution & Ecology -This species has a world-wide distribution and is found in the USA (Florida, New Mexico, Ohio), South Shetland Islands, Antarctica, Argentina (San Juan), the UK , this study).
Barcode & Molecular based ID -DTO 148-I2, DTO 149-A4 and DTO 149-B3 share the same ITS sequence, which can be used for precise species identification (GenBank JX997025).
LIST oF SpECIES CuRREnTLy ACCEpTEd In pEnICILLIuM SECTIon CHRySogEnA
The following list includes accepted species in sect. Chrysogena and their presently accepted synonyms. Our data indicate that more species might exist in this section. For example, three phylogenetic species are present in P. mononematosum (according the PSC) and also P. egyptiacum might represent three taxa. Notes -Penicillium brunneorubrum, P. citreoroseum and P. griseoroseum predate P. chrysogenum but these names are formally nomina rejicienda (McNeill et al. 2006) . No (ex-type) material was available of P. chrysogenum var. brevisterigma and this invalidly described species is tentatively placed in synonymy with P. chrysogenum. (Frisvad et Pitt (1974 Pitt ( , 1980 ) treated E. egyptiacum, P. kewense (as E. crus taceum) and E. molle as distinct species based on the ornamentation and size of the ascospores. In contrast, Stolk & Samson (1983) defined P. kewense (as E. crustaceum) as one variable species. Although Stolk & Samson (1983) included five ascospore patterns in their circumscription of P. kewense, they treated E. molle and E. egyptiacum as small-spored strains of P. kewense. They also observed the same ornamentation, but the ribs and ridges on ascospores of E. egyptiacum were less pronounced. Our results show that P. kewense sensu Stolk & Samson (1983) can be divided into at least three species: P. egyptiacum, P. goetzii and P. kewense, while P. molle is placed in synonymy with P. egyptiacum. Our study also shows that the isolates with large ascospores represent a separate species, here named P. goetzii. Phylogenetic analyses indicate that this group of related species probably contains additional new species. For example, three lineages occur in P. egyptia cum, which might represent distinct species. Also, CBS 653.82 (= CBS 227.81 = NRRL 2094) forms a single strain lineage and Raper & Thom (1949: 146) noted that this strain is intermediate between P. brefeldianum and P. egyptiacum. The description of this species is deferred until more strains of this tentative new species are collected.
Penicillium confertum
Polyphasic characterisation of Penicillium species allows identification using several different types of data, including colony characters and micromorphology (morphological species concept), extrolite profiles (phenotypic species concept) and correlations among multigene phylogenies (phylogenetic species concept). The new species described here meet all of these criteria as distinct species, although their morphological characters are similar to other species of Penicillium sect. Chrysogena, which are notoriously difficult to identify using classical taxonomic techniques. In common with other species level studies of Penicillium subgenus Penicillium, sequences of the ITS region have minimal resolution for distinguishing closely related species in sect. Chrysogena (Skouboe et al. 1999 , Houbraken et al. 2011b ). The individual gene trees based on RPB1 and β-tubulin sequence data generated the best clustering of species, and these genes are therefore promising loci for barcoding within this genus. Neither gene tree correlates well with the series proposed within sect. Chrysogena by , as already noted by Samson et al. (2004) .
Both sexual and asexual species are accommodated in the currently defined sect. Chrysogena. The sexually competent members (P. kewense, P. goetzii, P. egyptiacum, P. sinaicum) are all homothallic and there are indications that P. chryso genum, P. dipodomyis and P. rubens may reproduce in a heterothallic manner (Hoff et al. 2008 , Henk & Fischer 2011 . Repeated attempts to induce a sexual state in P. chrysogenum and related species were unsuccessful (Hoff et al. 2008 , Eagle 2009 , Henk & Fischer 2011 . However, some unpublished crossing experiments with P. chrysogenum isolates have apparently resulted in the production of cleistothecia and ascospores, similar to those described recently for P. kewense (Böhm et al. 2012) . The limited number of successful mating experiments in P. chrysogenum might be explained by the strains used in these experiments. Perhaps strains maintained for long periods in culture collections lose their fertility. For example, the heterothallic Histoplasma capsulatum lost fertility rapidly during laboratory passage, leading to speculation that selective pressures might serve to maintain fertility in the environment (Kwon-Chung et al. 1974 , Fraser et al. 2007 ). For the heterothallic and heat resistant Byssochlamys spectabilis (syn. Paecilomyces variotii), it was shown that only strains derived from pasteurised products were fertile (Houbraken et al. 2008 ). It will therefore be promising to repeat the mating experiments with Penicillium strains freshly isolated from nature. Another possible reason for unsuccessful crossing experiments may be stringent conditions required for successful mating. Various growth factors induce the formation of cleistothecia, such as temperature, light, nutrient and oxygen levels (Han et al. 2003) . Recently, Houbraken et al. (2010) showed that P. psychrosexualis, a species related to P. roqueforti, produces abundant cleistothecia at low temperatures (9 -15 °C). The production of a sexual stage at low temperatures might be more widespread in Penicillium, and mating experiments at this temperature might result in the discovery of a sexual stage in other species.
